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example, ten times as much energy is required to attain 9.5 K than 77 K operation. The

technology for compact and reliable integrated cryo-electronics near 77 K is in hand.

Progress in the deposition of HTS thin films on low loss microwave substrates such

as Lanthanum Aluminate (LaAIO3), Magnesium Oxide (MgO), and Sapphire (A1203),

amongst others, has resulted in thin films with microwave surface resistance (R,) values

orders of magnitude lower than those of conventional conductors such as gold (Au) and

copper (Cu) [7-9]. These developments have led to demonstrations of superconducting

passive microwave circuits such as resonators and filters [10,11]. In the semiconductor

arena interesting results at cryogenic temperatures have been observed in the last decade.

For example, useful changes have been observed in the carrier mobility and sheet resistance

of semiconducting materials when the temperature is lowered from room temperature to

100 K or below, depending on the material and the doping level. This is particularly true for

the case of GaAs-based devices [12]. The combination of passive HTS-based microwave

components with active semiconductor devices and circuits for integration into microwave

subsystems can offer additional advantages such as reduced loss and noise [13]. It has also

been demonstrated that HTS and ferroelectric thin film technology could be used to

fabricate tunable HTS/ferroelectric microwave components [14-18]. Therefore, in this

review we will discuss the design, fabrication, and performance of various superconducting

hybrid microwave devices and circuits, and the unique challenges of cryogenic microwave

engineering. It is worth mentioning that the experimental results discussed here very often

represent proof-of-concept (POC) devices and circuits. In view of the continuous

optimization of the material properties of HTS, semiconductor, and ferroelectric thin films,

and the advances in processing techniques, the results presented here will surely undergo

modifications as the field matures.
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V.2.2.1 Laser Ablation

A technique that has proven to be very effective for the deposition of HTS thin films

is pulsed laser deposition (PLD) [19-20]. In this technique laser pulses (KrF, ArF excimer

lasers, or a Nd-YAG laser are among the most commonly used) are fired onto a

stoichiometric target of the HTS material to be deposited (e.g., YBCO). This results in a

plasma "plume" of ejected material from the target which condenses onto a substrate

mounted on a heated holder and kept at temperatures near 800°C. A schematic of this

configuration is shown in figure 1. The main advantage of this technique is that the laser

produced plume is stoichiometric in composition, and therefore the resulting films are also

stoichiometric in composition. Since the films are grown in an oxygen atmosphere (e.g.,

100 mtorr), the superconducting phase is attained in-situ during the laser ablation process

eliminating the need of a post-deposition or "ex-situ" annealing treatment. Thus, the major

advantages of this technique are that a stiochiometric target can be used as the source

material, a higher deposition rate of the HTS material relative to off-axis magnetron

sputtering, and easy optimization of the film composition and crystallinity by the

adjustment of the main deposition parameters. These are the energy density of the laser

pulses, the distance between the target and substrate, and the deposition temperature.

Because of these attributes laser ablation has become the technique of choice in the

fabrication of high quality HTS films.
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Figure 1. - Schematic of laser ablation experiment.

4



SUBSTRATE

/

• m, f I

. • TARGET I

• ATOMS THIN ,
• • !If FILM " ARGON

• / ' • • IONS(+)

REDUCE0 • --,/ " ' ,' /

/ I[ POWOEREDTARGET

TARGET I

ELECTROOE _ PO_NER SUPPLY

±

Figure 2. Schematic representation of the rf magnetron sputtering deposition system.

V.2.2.3. Sequential Evaporation

The deposition of YBCO superconducting thin films using sequential evaporation

was first reported by B.Y. Tsaur, et al. [25]. In this technique, the multilayer film is made

by electron beam evaporation of alternate layers of either Cu, Ba, and Y, or Cu, BaF2, and

Y. The basic three-layer stack is repeated to give a total of 12 to 18 layers. This

technique allows for the deposition of films with little spatial variation of stoichiometry

across the substrate as all components oftiae fiim are evaporated forrn-thesame point in

space. The stoichiometry of the films is easily adjusted by cOntrolling the thickness of the

individual!y deposited layers. However, this deposition technique requires post-

deposition annealing of the film in order to attain the superconducting phase. This

0

annealing can last 0.5 hr at 850 C. During the annealing the sample is exposed to ultra
!! i_ii_li_;_ i_,_ ...............

high purity oxygen which has been bubbled, at room temperature, through water. The

water vapor hydrolizes the BaF 2 to form BaO and HF. Dry oxygen is then used for the

rem_der of the _ealing process. The temperature is then ramped to 450°C at a rate of-

2°C per minute. The samples are held at this temperature for 6 hr and then the

temperature is ramped to room tempera_e_so _t a;rateof 2°c per minute.
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oxygenis leakedinto thesystemthroughanozzlenearthesubstrateholder.Thechamber

pressurein thesystemduring the depositionprocessis maintainedat around5x10.5torr.

Evaporationratesof the componentsduring the processrangefrom 0.8 to 3.2 A per

second.Finally, theasdepositedfilm areannealedin afurnacefollowing atwo-step
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Figure 3. Co-evaporation set up for Bi, CaF 2 + SrF_ and Cu.

procedure. The fist step of the annealing is performed at 750°C in wet oxygen for about

30 to 60 minutes. This step was performed to decompose the fluorides so that the fluorine

will react with the H O molecules forming volatile hydrogen fluoride gas (HF). The2

second annealing step is performed to form the superconducting phase. This step is

performed at 850°C for about 5 to 15 minutes. Afterwards, the sample is allowed to cool

o

down slowly (-2 C per minute) to room temperature before removing it from the

deposition system.

V.2.3 Microwave Substrates

The special problems as well as the merits associated with constructing microwave

circuits at cryogenic temperatures have been studied for many years. For example, it is

desirable to minimize physical circuit size which necessitates high dielectric constant
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constantof 22-24atroomtemperature,changinglessthan10%whencooledto cryogenic

temperatures[41]. It alsohaslosstangentsof 104and 10.5at roomtemperatureand77K,

respectively,and anexcellentlatticematchwith thehigh-Tosuperconductors[42].These

propertiesmakeLaAIO3very suitablefor operationat microwavefrequencies.However,

this susbtrate is characterizedby twining structures that should be taken into

considerationduringcircuit fabrication.

Thepropertiesof theLaGaO3substratesareVerysimilar to thoseof LaAIO3.It has

a dielectricconstantof 25 at roomtemperatureanda goodlatticematchwith thehigh-To

superconductors[40]. Table I summarizessomeof the most relevantpropertiesof the

mostcommonlyusedsubstratesfor HTS thin film deposition.

Material

MgO

LaAIO3

LaGaO3

SrTiO3

TABLE I: Microwave Substrates for HTS Thin Films

Structure

(298 K)

cubic

psudo-

cubic

Ortho-

rhombic

cubic

Dielectric Loss Tangent Lattice Size

Constant (298 K) (A)

9.8 3.0x104 4.178

22-24 5.8x10 4 3.792

25 1.8X10 "3 3.902

Lattice

Mismatch

a=l 1.0%

c=12.8%

a=0.7%

c=2.6%

a=2.1%

c=0.2%

-300 @ --0.03@300

300 K K

3.905 a=2.2%

c=0.3%

Remarks

Small area, good for "in-situ"

film growth, reacts with O5

Large area, twinning, very

high quality films

Large area, phase transitions at

140 and 400°C may cause

Surface roughness (steps)

Small area, high quality films

-1900@ --0.06@ 80 K

80 K
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determine the reflection and transmission coefficients. A typical implementation of this

technique taken from [48] is shown in figure 4.
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Figure 4. Apparatus for measuring microwave transmitted power through HTS thin films

V.2.4.2. Complex Conductivity

The complex conductivity ofa HTS thin film can be determined by measuring the

transmission of a microwave signal through a superconducting thin film. For a film of

thickness d deposited onto a substrate of thickness t and refractive index n, that covers the

entire cross section of a rectangular waveguide propagating the TE01 mode (see Figure 5),

the fractional transmitted power coefficient T and the phase shift qo may be written as,

2 2 2 2 2 2 2 2

T --4n {n cos(kont)[(kodR ) +(2+kodI ) ]+sin (kont)[(kodR) +(n +l+kodI ) ]+...

2 -1

...+(2nkodR)sin(kont)cos(kont)(n - 1) } (V. 1)

2

q0=arctan{cos(kot)[(nkodR)cos(kont)+(n +l+kodI)sin(kont)]-

sin(kot) [n(2+kodI)cos(kont)-...
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the metallic character of these films is evidenced by the positive slope of T. Note that at

the onset of superconductivity, the transmitted power decreases abruptly leveling off at

low temperatures. Also, in the normal state the measured relative phase shift Aq_= %00 K -

cO(T) is nominally constant, while below the onset of the transition one can observe that

an abrupt change in takes place. These two parameters are then used to obtain 6" for the

superconducting film by using eqs. (V.I)-(V.4). Figure 7 shows the real (a,) and

imaginary (G2) parts of G* as a function of temperature for a YBCO thin film on LaA103.

In the normal state (i.e., T>To), _ exhibits a metallic behavior as a function of

temperature whereas er2 remains very close to zero as expected for a good conductor,

which is the typical behavior expected for a superconductor above T c . Both 6, and G 2

increase rapidly when the film is cooled _ough the transition temperature. The behavior

below Tc is quite different for the two parameters with cr, reaching a maximum followed

up by a rapid decrease at temperatures not far below the transition temperature, while or2

exhibits a monotonic increase with decreasing temperature.
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and 1/T_decreaseexponentiallyto zeroasthequasiparticlesabovethegaparefrozenout

[50]. However,it hasbeenshownthat 1/T_for quasiparticlesof thechainforming Cu(1)

andplanarCu(2)latticesitesdecreasesrapidlywhenthefilms coolsthroughTc
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Figure 7. Real and imaginary parts of the microwave conductivity versus temperature at

30.6 GHz for a laser-ablated YBa:Cu3OT. s thin film (490 nm) on LaAIO 3.

[51]. If the observed behavior of o'_ is indeed due to intrinsic properties of the

superconducting state then this type of response may be due to a non-isotropic energy gap

or to a superconductor whose behavior deviates from that predicted by the BCS theory.

The latter seems to be the most probable scenario and even today there are strong efforts

being made in developing suitable models for the superconducting mechanism in the

HTS compounds.
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the microstripline resonator technique. This technique capitalizes in the relationship

between the resonant frequency and the penetration depth as shown by the following

expression:

vp_=_/(LC)_._=[c/(e°fr)_.5][ _+(Mh)_th(t/_.)+(wR_/2nh2_)c_th(t_/5)(_-(w_/4h)z)] °_ (V.7)

where t and t' are the thickness of the HTS microstrip and the normal conductor ground

plane, respectively, w is the microstrip width, w' is the conductor width corrected for

thickness (i.e., the effective electrical microstrip width), R.=(/aoOCO/2) °5 is the surface

resistance of the normal conductor ground plane, 8 is the normal conductor skin depth,

and ¢o=2rrf, where fis the frequency. For ring resonators that satisfy w/h <1 and where its

mean circumference (/=2nR) >>w, we have at resonance,

l---nL_--nvjf (V.8)

where n is the order of the resonance. The kinetic inductance (Lk(T)) , associated with the

inertial mass of the charge carriers, is strongly dependent on the penetration depth.

Hence, the shift in resonant frequency with temperature can, in principle, yield a sensitive

measure of X(T). However, extracting the zero temperature penetration depth X(0)

generally requires the assumption of a particular theoretical model to which the data are

curve fit. The situation is exasperated by the complex interdependency among variables

such as film thickness (t), circuit geometry_including strip width (w) and substrate

thickness (h), critical temperature (T_), and _.(0). The penetration depth is also sensitive

to the quality of the film, especially near its surface, as well as the transition width (AT),

which is an indicator of phase purity. _ Some studies have focused only on extremely low

impedance lines [53] or strictly low temperature (i.e. T<Tc/2) _(T) dependence [54]. For

most practical microwave applications, line impedances will be in the neighborhood of 50

f2, and film thickness will be of the same order as the penetration depth. Experimental

investigations using strip transmission lines near To have invariably revealed a strong

deviation from theory [55-57] when tzL. _e disagreement can be attributed, at least in

part, to the susceptance coupled into the resonator from the gap discontinuity as well as

the feed line of electrical length 131 [58]. The coupled susceptance is modified by the
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In the case of a superconductor Zo in (V. 11) is implicitly taken as a function of

temperature because of the kinetic inductance. For a low-loss line

Zo-_Z(0 ) {(L k (T) + L,)_(0)/[(Lk(0) + L,)c (T)] }'a (V. 12)

where _(T) is the temperature dependent effective permittivity, L, is the magnetic or

geometrical inductance, and Z(0) is the characteristic impedance of the transmission line

at T=0. Equation (V. 12) is markedly different than the equation derived in [62] that

expressed Zo as being proportional to the ratio L(T)/_, (0). That expression was derived

specifically for kinetic inductance delay lines, where h<<W, and t<<_,. In the situation

considered here, L k is not >> L,. Wheeler's incremental inductance rule, commonly used

to characterize planar quasi-TEM transmission lines, only applies to shallow field

penetration. Here, the inductance was derived from the imaginary part of the impedance

calculated from the phenomenological loss equivalence method (PLE) [63]. This method

has been shown to provide accurate results for both attenuation and phase velocity for

quasi-TEM, normal and superconductor, transmission lines. It is summarized in section

V.2.4.5.

Determining _(T) is not as straightforward but it can be estimated from [55] where

resonant frequency versus temperature data were provided for a metallic conductor on

LaAIOs. Ae(T) was taken as -550 ppm/K which is an order of magnitude more severe

than results disclosed in [56]. Still, the effect is subtle and the correction factor of(V.11)

is dominated by Lk for resonators studied herein. The susceptance B can be evaluated as

follows, for the general case when Zo is not equal to Zg. It is easy to show that Cs = C_ +

Cp, Cr=Cp[(CJCg)Z+ 3Cp/Cg + 2], and n2 = C,/(Cs + Cf), where C_ and Cp are the elements

of the equivalent capacitive-pi representation from [64]. A series network can be made

equivalent to a parallel network, and vice versa, at one frequency. Since we are interested

in the behavior of the circuit of figure V.9 over a very narrow frequency range, the

immittance looking towards the generator from the transformer was closely approximated

by performing such a transformation. Let K_=Zo2Zg [1 + tan2(131)]/[Zo 2 + Zg2tan2([31)],

Kz=Zo(Zo z - Zg2)tan([31)/[Zo z + ZgZtan2([31)], Ks=(toC,K2 - 1)/(coC,), and finally

20



V.2.4.5. Surface Impedance

The propagation properties of a microwave signal through a transmission line are

greatly influenced by the surface impedance of the conductor from which such a

transmission line is made. The surface impedance is defined as,

Z,=R_+jX, (V.13)

where R_ is the surface resistance and X, is the surface reactance. For a good conductor

the surface impedance is given by,

Z,=(jl.toco/_) 'a (V. 14)

where _to is the permeability of free space, co is the angular frequency, and cr is the

conductivity. It is evident from (V.13) and (V.14) that for a normal conductor, R_=X,, and

that both parameters are proportional to the square root of the frequency. For a

superconductor the conductivity is a complex quantity, o*=oi-j6z, and therefore R, and

X, can be expressed in terms ofgt and o"5 as,

R_=RN({ [(cr Jcr2)2+(c2/crN) 2] la-(czl_r_)} x[(cr t/CrN)2+(62/O'N)2]'I) I/2 (V. 15)

where RN=(_toO_/2CrN) la is the surface resistance of the film at T¢. In the limit _z>>61

(typically at T<< To, and for }hco/2rc<<k_Tc) R_ and X, are given by,

R_-RN(cr J_z)(crN/¢r_) v"=(co _to)2_)crl/2 (V. 16)

X=ol.toL=(o 31.to/c_,)1/2 (V. 17)

where L is the magnetic penetration depth. Note that in this limit the P_ of a

superconductor increases as the square of the frequency. Figure V.11 shows R_ versus

temperature for a Y'BCO (400 nm thick) on LaAIO 3 (254 _tm thick) as measured using

resonant cavity methods and power transmission method [48]. Note that both techniques

give R_ values that decrease rapidly when the temperature falls below T, and then level off

at lower temperatures showing a residual surface resistance that changes very slowly with

decreasing temperature.

An effective surface reactance (Xoet) can be defined in terms of the microwave

power transmitted through superconducting thin films as follows [65],

X, Rr cosh(d/Z.) lPs ,JPNx,,,,.Ira (v.18)
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FigureV. 12:Magneticpenetrationdepthvs. temperaturefor a laser-ablatedthin film (200

nm) on LaAIO3. The dashed lines represents a fit to the data using the temperature

dependence for L according to the two-fluid model and the solid line represents a fit to

the data using the temperature dependence of L according to the BCS theory in the clean

limit.
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QL = (°oRC(1 +r)/(1 +r+K) = Qo(1 +r)/(1 +r+_:) (V.20)

where K is the coupling coefficient (or the ratio of coupled conductance to resonator

conductance n2R/Zo) and r is the coupling loss. These terms can be determined from the

reflection coefficient of the resonator. For small loss (r<l) the value of r can be calculated

from the reflection coefficient far away from resonance according to:

Cv.21)

and the coupling coefficient can be found from the reflection coefficient at resonance by:

_: = [r-1 _-JFo J (r+l)] +[_+ J F o ]-1] (V.22)

The ambiguity in the sign of [Foils resolved by considering whether the resonator is

over- or under-coupled by inspection of the impedance locus on a Smith chart. The F

vector traces a circle on the Smith chart of diameter d=2K/(K:+I). If d>l the resonator is

over-coupled and the plus sign is used. Conversely, ifd<l the resonator is under-coupled

and the minus sign is used. Finally QL can be measured directly from the swept reflection

coefficient trace using the familiar expression:

• _ QL = f0/(f2- fl) (V.23)

where the frequency span f_ - fl is the width of the reflection coefficient trace

corresponding to magnitude:

F1a = 10 iog,0 {1/2[(r+K-1)/(r+K+l)]=+ [(r-1)/(r+l)] 2} dB (V.24)

Then Qo is obtained by substituting QL, r, and s: into (V.20).

The attenuation and phase velocity of superconducting microstriplines can be

calculated using a theoretical approach such as the phenomenological loss equivalence

(PLE) method [63]. The PLE method has been shown to be valid for either normal

conductors or superconductors over a wide range of field penetrations. A planar quasi-

TEM transmission line is approximated by an equivalent single strip having the same

conductor loss. The geometry of_e equivalent strip is obtained from the cross-sectional

geometry of the original transmission line. For example, the internal impedance of a

microstripline, assuming a perfect ground plane, is:
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V. 3. FILTERS

V.3.1. Overview

Filters can be fabricated by arranging a given number of resonators in a pre-

designed geometry, so as to allow the transmission (bandpass filter) or rejection

(bandstop filter) of an electromagnetic signal within a specific frequency range. The low

surface resistance (R_) of HTS materials makes them attractive for the fabrication of

filters where small physical size, minimum insertion loss and optimum frequency

selectivity are design priorities. Numerouse studies of HTS-based filters with different

geometry have been performed already [72-76]. For space communication applications

the aforementioned features of HTS-based filters could prove to be advantageous in

systems such as multiplexer filter banks. Typical satellite multiplexers use dual mode

cavity or dielectric resonator filters that are large and heavy. As future advanced

electronic systems for satellite communications become more complex, they will need

even more filters requiring filter miniaturization without performance degradation.

Microstrip filters using conventional conductors, which potentially can be used in filter

banks, are small, but are too lossy for multiplexer applications. On the other hand, low

temperature superconductors are less lossy but required more expensive coolants (e.g.,

liquid helium) or costly and sophisticated refrigeration systems. Microstrip filters using

HTS films are just as small and lightweight but can perform with less power loss than

their waveguide or coaxial counterparts and at a temperature that can be reached with low

cost coolants (e.g., LN2) or generally affordable cryocoolers (e.g., closed-cycle helium

gas refrigerators). In this section we present several filters topologies that have been

realized using HTS-technology.

V.3.2 Planar, Single-Mode Filters

Figure V.15 shows a schematic of a two-port C-band "edge-coupled", three-pole

bandpass filter, with 4% bandwidth. The filter is made of three LJ2 microstrip linear

resonators, where Lg is the wavelength of the microwave signal propagating along the

microstrip line, i.e., Lg=)d(ec_ It2
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Figure V. 17: Schematic configuration of a three-pole, C-band hairpin filter

Experimental data for this filter is shown in figure V. 18. As can be seen, for the

same center frequency, bandwidth, and number of poles this configuration reduce

the overall length of the filter with respect to that of its edge-coupled filter

counterpart.
?

Gold/Sapphire Hairpin Filter YBCOISapphire Hairpin Filter
(d8) {dB_

o

_5)

(to)

{ts)

{2o)

125):

....... {3o)
3.6 3.8, 4.2 4.4

Frequency (GHz)

i

I
-I

.I
I

(I() . ,

'"'rl It\"
(_. .-

Frequmcy (GHz)

Fig_e V. 18. Reflection and transmission parameters for the YBCO hairpin filters
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small as possible. But, low er substrates translate into bigger radiators and small h values

reduce bandwidth and efficiency. In order to reduce R_ the substrate thickness should be

h<c/[4fo_/(er-1)] (V.30)

which defines the cutoff frequency (f_) for the TE_ mode of dielectric slab waveguide.

V.4.3 Antenna Arrays

Antenna arrays offer a straightforward way to enhance directivity, or if phase shiffers

are incorporated with the antenna elements the array can provide fast "inertialess" beam

steering. The directivity of an array increases in proportion to the number of antenna

elements (N) when the inter-element spacing is kept under a wavelength. In the case of a

receive array, the signal-to-noise ratio scales with N since the signal is correlated but the

noise contributed by each amplifier is not [83]. But the gain eventually decreases because of

dissipation in the feed network. That is, beyond a certain array size at a given frequency, the

gain peaks. A simple expression the gain of a manifold-fed array is

G -_ 101og[4rffn+l)(m+l)s_sJ_.o 2] - (o_/2)[(n+l)sh + (m+l)sv] (V.31)

where n (m) and sh (sv) are the number of elements and inter-element spacing in the

horizontal (vertical) direction, respectively. The feed loss per unit length in dB is given

by ct. Capitalizing on the much lower surface resistance of superconductors, the gain

maximum can be extended. That is, larger arrays with higher gains can be realized. In

[84], a novel proximity coupled 12 GHz microstrip array was demonstrated. By using a

parasitic array of elements on the quartz window of a cryostat, the superconducting

driven elements were thermally isolated and broadband performance was achieved. A 64

element 30 GHz microstrip antenna array that used T1CaBaCuO HTS thin films has also

been demonstrated [85]. The gain of the superconducting array at 77 K was found to be

4.7 dB higher than an identical gold version at 300 K. The antenna is shown in figure V.

19. A prototype GaAs MMIC low noise receiver array, designed to operate at 20 K, is under

development at _100 GHz [86]. The array will be mounted in the focal plane of a

Cassegrain parabolic reflector for radio astronomy applications.
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ForswitchingFETs,theQs2will degraderoughlyasthesquareof frequency co. Because of

the low microwave losses of superconductors and the high ratio of normal surface resistance

to surface resistance in the superconducting state, HTS switches have been investigated. A

reflective microwave switch based on driving a small bridge into the normal state by locally

exceeding the superconductor's critical temperature was demonstrated in [90] and a

distributed Josephson inductance transmission line phase shifter was demonstrated in [91 ].

An electrically thin and narrow HTS switch of length l shunted between a microstrip signal

path and a virtual short circuit formed by L/4 radial stub has also been built [92]. The bridge

can be electrically short or an integer multiple of half-wavelengths long to translate the

virtual short to the microstrip line when superconducting. The bridge is driven normal by

directly injecting dc current above the critical current through it. When the bridge is normal,

the short is "disconnected" from the transmission line. In order to minimize insertion loss

and maximize isolation, l was set to L/2 and the bridge was about _.L/2 thick to increase the

impedance looking toward the stub in the normal state. A Q2 approaching 100 at 10 GHz

has been measured. A switched line phase shifter based on this type of switch is shown in

figure V.20.

Fig. V.20 Switched line phase shifter on ZrO2:Y. The phase shifter circuit is about 5 mm

long.
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whereVo is the peak amplitudeof the cartier, coo is the angular frequency, e(t) is the

amplitude noise term, and q_(t) is the phase noise term. For ]e(t)[ << Vo, and [q_(t)[ << 1

rad,

V(t) z Vo sin (coo t) + Vo q0(t) cos (co° t) + e(t)sin (COot) (V.34)

where the first term is the carrier, the second term represents the phase noise, and the

third term represents the amplitude noise. Since the last two terms produce deviations

from the ideal sinusoidal oscillation, they can be regarded as modulating the carder. In

practice, the phase noise manifests itself as continuous energy sidebands around the

carrier in the frequency domain. For the usual case when the phase noise dominates (i.e.,

the amplitude noise is insignificant), the spectrum around the carrier is symmetrical.

The spectral density of phase fluctuations can be attributed to the following

factors. There is a thermal noise floor associated with the kinetic energy of electrons.

Thermal noise is broadband and essentially flat with frequency (co). It is often called

"white" noise because of this behavior (i.e. white light is broadband). Active devices also

exhibit a noise characteristic which scales as co "_. This noise is called "flicker" noise,

evidently because of historical observations of plate current in vacuum tubes. In the case

of semiconductors, this fundamental physical phenomenon has been attributed to the

generation and recombination of carriers at semiconductor surfaces, and the capture and

release of carriers at electrically active defects or traps. Furthermore, in a feedback

oscillator, a phase change anywhere in the loop translates into a frequency change. That

is, the phase modulation is converted directly into frequency modulation (i.e. frequency

being the time derivative of phase). The power spectral density (rad2/Hz) of phase

fluctuations is proportional to the root mean square (rms) phase deviation squared. The

net result is that spectral slope of the white and flicker noise becomes twice as steep. A

common way to express phase noise is the ratio of single sideband noise power per Hertz

to the carder power at a specific offset frequency. Following Leeson [93], a simple

model can be summarized as follows. The power spectral density, as a function of offset
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(V.37)

In orderto minimize BERdegradation,high Q resonatorsandlow co-t noisetransistors

arerequired. At frequenciesbelowafew hundredMHz, quartzcrystaloscillatorsprovide

extremelystablesources.At low microwavefrequencies,sourcesareoften implemented

by multiplying up from acrystalsource.But thephasenoisedegradesaccordingto

(V.35). Theefficiencyis alsopoor andcostis anissue. Metal cavitiesareoRenusedas

thestabilizingelementbutarebulky andcostly. The dielectricresonatoroscillator

(DRO)hasbecomeapracticalcompromiseat high microwavefrequenciesin terms of

cost,size,andperformance.Their popularity hasgrownwith thedevelopmentof very

iow losstangent,thermallystableceramics.Still, thereis atremendousinterestin lower

cost,miniature,tunableoscillators. Despitethe lower Q of MMIC chips,severaltypesof

integratedoscillatorshavebeensuccessfullydeveloped.Transistoroscillatorshavebeen

realizedusingbothMESFETandbipolar devices. GaAsMESFETscanbeusedat very

high frequencies but exhibit relatively poor baseband noise performance. Bipolar Si

transistors have superior noise behavior but are limited to a frequency range of about 20

GHz. Recently, InAIAs/InGaAs, AIGaAs/GaAs, and InGaAs/InP MMIC HBT based

oscillators have been demonstrated with excellent performance from Ku- through Ka-

band [97-99]. At 26 GHz, a phase noise of-80 dBC/Hz at 100 kHz offset, with a

conversion efficiency of about 10% has been reported.

V.5.3 Tunable Oscillators

Planar superconducting microstrip resonator oscillators have also been developed

with excellent characteristics [100]. A cryogenic voltage controlled oscillator ('VCO) has

also been developed at Ku-band [17]. The oscillator schematic is shown in figure V.21.

The S-parameters of the 0.25 _m PHEMT were measured at 77 K by immersing the
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15.2 16.4 17.6 18.8
Frequency (GHz)

Fig. V.22 Tuning of a side-coupled 50 Q ring resonator corresponding to the VCO of Fig.

V.21. The voltages correspond to the de bias between the ring (Vv.) and microstrip line

(V 0. During VCO operation, the microstrip line is kept at de ground.

Table V.II State-of-the-Art Tunable Resonator Comparison

RESONATOR

TYPE

Varactor

YIG

DRO

Cavity

TUI_lrNG TUNING

METHOD

Electronic

Magnetic

Mechanical

Mechanical

RANGE

One Octave

One Decade

10%

<One Octave

Q

10-50

500-3000

5000-30000

TEMPERATURE

CONTROL

Ovenized

Ovenized

Stable

200-1000 Ovenized

HTS/Ferroelectric Electronic 7% 3000-6000 Cryocooler
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contact deposition annealing. It was also observed that contact strength was inversely

proportional to the amount of silver in the contact. In-situ deposited gold contacts were

the strongest observed. A copper microstrip X-band GaAs FET oscillator for use in a

Josephson voltage standard demonstrated a 22 dB improvement in phase noise at 4.2 K

compared to room temperature operation [105]. A 36.5 GHz oscillator based on a

sapphire disk resonator shielded by two HTS ground planes provided a 20 dB

improvement in phase noise over a conventional room temperature dielectric resonator

oscillator [106]. At 77 K a loaded Q of 59,000 was obtained. One implementation of an

HTS-sapphire-HTS resonator is shown in figure V.23 I107]. The surface resistance of the

TI2Ba2CaCu208 films was 130 I.tf2 at 77K and 10 GHz. Around 90 K unloaded Qs of>106

were reported along with circulating power handling capability of 2 kW.

HTS _s Sapphire rod . , _ Copper spacer

Copper case Coupling loops

Figure V.23 An HTS-Sapphire-HTS resonator [107]

For this structure, the relationship between loaded and unloaded Q is as follows.

Qo = QL(1 + 13_+ 132) (V.38)

where the coupling coefficients at the input (lBi) and output (132)ports are calculated

according to

IB_=(1 - S_l)/(S_l + $22) (V.39)

[32= (I- Sz:)/(S11+ Szz) (V.40)

where the S-parametersaremeasured attheresonant frequency.

Cooled pseudomorphic HEMTs were found to be well suitedto cryogenic

oscillatorsaswell [I08].While room temperatureperformance ismediocre, below 110 K

the PHEMTs are generallyfreeof collapseand exhibitexcellentgeneration-

recombination noise performance. Phase noise improvements of I0 to 15 dB have been
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V.6 Hybrid Superconductor/Semiconductor Receiver "Front Ends"

V.6.1 Overview

Low noise parametric amplifiers (paramps) have been used for ground stations

and satellite transponders from L-band through Ku-band. Since the introduction of the

GaAs MESFET in the 1970's and the more recent derivative, a high electron mobility

transistor (HEMT), cooling has been used to deliver performance that has steadily

approached that of paramps [11 l-113]. In order to reduce noise that is thermal in origin

and achieve higher frequency operation, the FET's transconductance to gate-to-source

capacitance (gm/C_ ratio must increase. Reducing gate length is one way. But since the

transconductance is proportional to carder mobility, which is a function of electric field,

temperature and impurity concentration, cooling also offers significant advantages.

Velocity overshoot effects for short gate lengths are also more pronounced at very cold

temperatures. When pure GaAs is cooled to 77 K, the electron velocity increases to _2.4

x l07 cm/s, compared to = 107 cm/s at room temperature for a channel doped at 1017/cm 3.

The HEMT's superior noise performance is due to much higher mobility and

consequently much higher gin" Also, the improvement upon cooling is more rapid than a

conventional MESFET.

Communications receivers often require a preselect filter ahead of the low noise

amplifier (LNA) to either suppress unwanted signals in a heavy interference environment

or to limit noise input to sensitive, wide band LNAs that could swamp the amplifier and

cause nonlinear effects. The insertion loss of the filter has a dramatic impact on the

overall system noise temperature (Tsys). This is because losses (LF) between the antenna

terminals and the LNA increase Tsys according to the well known cascade noise formula:

T,ys = TA + Tm(I&A-1) + (LF- 1)T _ + LFT_c (V.41)

where TA is the antenna temperature given by [114]:

T^= 1/4n ]"D(8, _Tb(8, _dg'/ (V.42)
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gain-to-noisetemperatureratio (G/T) with a roomtemperaturereceiver,the dish would

haveto be 1.8m in diameterwith a 0.6 degreebeamwidth.The smaller cryoterminal

producesa 1.3degreebeamwidth,simplifying trackingrequirements.

V.6.2 HEMT Amplifiers

The HEMT represents an evolutionary improvement to the workhorse GaAs FET of

the microwave industry [117]. In a conventional FET, carriers flow through the doped

channel layer and experience substantial scattering. In a HEMT, a potential well is

created on the undoped GaAs side of an AIGaAs/GaAs interface. Since the carders travel

through the undoped GaAs, impurity scattering is reduced and mobility and velocity are

greatly increased. The channel mobilities for a HEMT and a FET at 77 K are roughly

60,000 cm2/Vs and 10,000 cm2/Vs, respectively, for sheet carder densities near 10t2/cm =.

Unfortunately, at low temperatures HEMTs suffer from the formation of deep

electron traps in the AlxGat.xAs layer, leading to collapse of the I-V characteristic, for

high mole fraction (x>0.2) AI. The use of InGaAs as the low bandgap material, instead of

GaAs, has alleviated this problem. Because of its lower bandgap, a lower A1 mole

fraction can be used while preserving the conduction band discontinuity [118]. The strain

(compression) from the _.1% lattice mismatch between the GaAs buffer and the InGaAs is

accommodated elastically for thin (_ 200 A) layers, hence the name pseudomorphlc

HEMT. Persistent photoconductivity effects and the impact of illumination on device

behavior at cryogenic temperatures have also been investigated for various structures

[119-122]. At room temperature, most deep donors are ionized. Upon cooling with

positive gate voltage, carriers can be trapped and neutralize deep donors. Sometimes,

illumination (e.g. LEDs mounted above the HEMT) is used to prevent the IV collapse

and compensate for the threshold voltage shift.

Ultra-low noise amplifiers from 12 to 110 GHz based on InGaAs/InAIAs/InP

HEMTs have demonstrated the highest cutoff frequencies, highest maximum oscillation

frequencies, and the lowest noise figure from any three terminal semiconductor device

[123-126]. The higher conduction band discontinuity at the InGaAs and InA1As interface

and improved transport properties in the InGaAs channel yield higher transconductance

46



empiricalapproachwasdevelopedbyFukui [129]thatrelates Fm_. at a particular

frequency to Gr_, g_,, and the gate and source resistance r_ and rs, respectively. The

expression for the minimum noise figure is given as

F_. = 1 + KCgsco[(r_ + r,)/g=] 'a (V.46)

where K is empirically derived (_ 2.5) and depends on material quality. Reducing Cgs and

increasing g,_ clearly impact Fm_,. This expression is an approximation to the

comprehensive analysis of Pucel, Haus, and Statz [130]. It neglects induced gate noise

and high frequency effects. A distributed model, improving upon the lumped element

circuit model, was presented in [131]. That model takes into account electrode coupling

and distributed phase effects. A faster increase in noise figure with frequency is predicted

than the Fukui model. A review of noise theory and modeling, along with a comparison

of MESFET and HEMT noise performance, was presented in [132]. Because of the

correlation between drain and gate noise sources, gate noise is partially subtracted from

drain noise, as alluded to above. The HEMT's superior noise performance is attributed to

the correlation coefficient and the HEMTs higher cutoff frequency. And, HEMTs have a

reduced sensitivity to source impedance changes, resulting in wider bandwidth low noise

performance [133].

A noise model was described in [134] that provided expressions for the minimum

noise temperature (Tmi,) , the optimum source impedance (Zop3, the noise conductance

(g,), and source impedance minimizing noise measure (ZMop0, These terms were related

to the elements of an equivalent circuit and two frequency independent constants, the

equivalent temperatures Tg and T d of the intrinsic gate resistance rs, and drain

conductance g,_, respectively. Knowledge of the equivalent temperatures Ta and Tg and

the equivalent circuit element values at a certain temperature allows the computation of

the noise parameters at any frequency. The expression for the noise temperature of a two-

port driven by a generator with impedance Zg is

1". = T=i. + To(g./R_ [ Z_ - Zopt [z (V.47)

and the definition of noise measure is
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programmable termination based on p-i-n diodes. By changing the bias on the diodes,

radial coverage of the Smith chart is obtained while varying the frequency provides

angular coverage. Noise is injected between the input port and the termination through a

coupler.

The design and operation of cryogenic on-wafer probe stations has been discussed

in the literature [138-141 ]. The 40 GHz probe station described in [141 ] uses an open

cycle cooling system that can be cooled with either liquid nitrogen or liquid helium. The

cryoprobe station chamber is shown in figure V.25. The chamber contains the 2.5 cm by

5 cm sample stage, cooling head of the refrigerator, temperature sensors and flexible

coplanar microwave probes. An open cycle system was chosen to reduce microphonics

induced noise and to reduce vibrations that could affect the delicate probe contacts. The

sample stage was machined from a 7.5 mm thick piece of oxygen-free, high conductivity

(OFHC) copper. Precision manipulators with 2.5 I.tm resolution can move the probes over

the entire sample stage using metal bellows coupling system. The minimum achievable

temperatures for liquid nitrogen and liquid helium coolants are 80 K and 37 K,

respectively.
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expendedon the thermaldesignto minimize heatleaks, internal power dissipation, and

thermal mass. For example, commercially available coaxial lines for RF/IF input and

output connections are usually not acceptable because of their high thermal conductivity.

One solution is to take advantage of the skin depth at high frequencies. Gold plating low

thermal conductivity material (e.g. stainless steel) can provide low attenuation and

reduced heat conduction. For such a 50ff_ coaxial line a heat load of perhaps 200 mW

with an insertion loss of 0.5 to 1 dB is possible. Thermal breaks in waveguide have also

been used. Another potential problem is mechanical incompatibility between hybrid

circuits on ceramic carders and the module package. Thin film microstrip circuits on

alumina have been successfully bonded to kovar carders with silver-filled epoxy and

repeatedly cycled to 77K. The thermal expansion coefficients of alumina and kovar at

room temperature are about 7 ppm and 6 ppm, respectively. Indium foil, about 25 gm

thick, can be sandwiched between the kovar cartier and the housing to improve heat

sinking. Table V.IV is a partial listing of the properties of materials that are of interest to

cryogenic electronics applications [151-153]. Circuit designs also stress efficiency to

minimize waste heat. For example, the local oscillator in a downconverter can typically

provide only about 10% dc-to-rf conversion efficiency. A typical mixer may require 10

mW or so of oscillator drive to minimize conversion loss and noise figure. While there

may be no great benefit to cooling the mixer when it is preceded by an LNA, it is

desirable to place it in the same package for the sake of integration, and doing so saves

one coaxial I/O. Consequently, a mixer/oscillator sub-module could easily dissipate 100

mW. Given a state-of-the-art compact and reliable Stirling cycle or pulse-tube cryocooler

with perhaps 1 W of litt at 77 K, this is intolerable. A singly-balanced mixer has been

demonstrated that had a conversion loss of 3.2 dB
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Z port

_ Low-pass filter

IF output

Figure V.26 Layout of the matched mixer. The circuit is 1.9 cm wide and 2.5 cm long.

It is well knowaa that the I-V characteristic, particularly the ideality factor 1"1and

the barrier height dpb,are strongly influenced by operating temperature. A precise

equivalent circuit representing the diode, as well as an accurate description of its band

structure, is required to optimize the mixer design. The calculated energy band diagram

of the Si diodes, which were arsenic doped with a donor concentration of

ND=1.2xl 0]7/cm 3, is shown in figure V.27a. The flatband potential, dpbi,is the difference

between the barrier height and the difference in potential between the Fermi level and the

conduction band edge. The quasi-static circuit model, extracted from cryogenic de and

microwave measurements, is shown in figure V.27b. It consists of the
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approximation that deteriorates as forward voltage approaches flatband, yet it is widely used in

mixer analysis. A more exact numerical analysis, indicating a much less dynamic change in Cj

near flatband, was reported in [157]. Experimental data on the behavior of Cj(Vj) at 77 K based

on a microwave measurement and modeling technique was presented in [158]. The capacitance

was found to increase more slowly than predicted and Cj[]_, occurred in advance of flatband.

Expectations of degraded intrinsic conversion loss upon cooling are overly pessimistic.

The space qualified receiver downconverter developed in [150] for the High Temperature

Superconductivity Space Experiment [159] is shown in figure V.28. It consists of a four-pole

HTS preselect filter, a two-stage GaAs HEMT LNA, a singly-balanced hybrid ring mixer, and an

oscillator stabilized with a k/2 linear resonator. The insertion loss of the filter was about 0.25 dB

across 7.2 to 7.4 GHz, about 0.5 dB better than a copper version also at 77 K. The LNA noise

temperature was about 21 K with a gain of 28 dB. The 8.4 GHz GaAs MESFET oscillator used a

Y-Ba-Cu-O on LaAIO3 resonator that had an unloaded Q of about 6000. A qualification receiver

had an overall noise temperature of 50 K when operated at 77 K with a total power consumption

of 70 mW.

Figure V.28 Space qualified X-band receiver downconverter prior to hermetic sealing. The

package measures about 10 cm across.
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